Organic semiconductors find increasing importance in spin transport devices due to the modulation and control of their properties through chemical synthetic versatility. The organic materials are used as interlayers between two ferromagnet (FM) electrodes in organic spin valves (OSV), as well as for magnetic spin manipulation of metal-organic complexes at the molecular level. In the latter, specifically, the substrate-induced magnetic switching in a paramagnetic molecule has been evoked extensively, but studied by delicate surface spectroscopies. Here we present evidence of the substantial magnetic switching in a nanosized thin film of the paramagnetic molecule, tris(8-hydroxyquinoline)iron(III) (Feq3) deposited on a FM substrate, using the magnetoresistance response of electrical 'spin-injection' in an OSV structure; and the inverse-spin-Hall effect induced by state-of-art pulsed microwave 'spin-pumping'. We show that interfacial spin control at the molecular level may lead to a macroscopic organic spin transport device; thus, bridging the gap between organic spintronics and molecular spintronics.
I. INTRODUCTION
Organic semiconductors (OSEC) have attracted intense attention for potential applications in spintronic-based devices [1, 2] because of the long spin relaxation time obtained for spin ½ carriers [3] . To date organic spintronics research has focused on the physics of the spin injection and spin transport through the organic interlayer in OSV devices. Detection of spin transport through the OSEC layer has been done through a variety of techniques that include magneto-transport [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , inverse spin Hall effect [13, 14] , muon spin rotation (µSR) [15, 16] , and two-photon photoemission [17, 18] . In most applications the spin control in the device has been achieved via the injected spinaligned carriers from conventional FM electrodes into the OSEC interlayer, in spite of the conductivity mismatch at their interface that poses a formidable barrier for spin injection [19] .
In contrast to organic spintronics, 'molecular spintronics' utilizes the chemical versatility of molecules; in particular those that have paramagnetic metal ions, for manipulating the spin states [20] [21] [22] [23] [24] [25] [26] [27] [28] . One particularly promising class of building blocks for molecular spintronics devices is the metalloporphyrins, which exhibit an intrinsic remnant magnetization when in contact with a FM metallic electrode [23] , similar to single molecule magnets [29] . Recently, metallophthalocyanines (e.g. CuPc [27] , MnPc [30] ) also have been intensely studied due to their potential highly spin polarized surface spins ('spinterface') that can act as a spin filter. However, the spin orientation of the molecular ensemble, which is crucial to the ability of spin filtering, was only investigated in the limit of monolayer using a variety of surface science techniques [23] [24] [25] [26] [27] [28] [29] [30] [31] .
Here we report a spin current-based detection scheme of a molecular spin ensemble by incorporating the paramagnetic semiconductor tris(8-hydroxyquinoline)iron [32] (Feq3; shown in
We fabricated the OSV-type devices on two types of bottom FM electrodes. One is half-metal FM La0.67Sr0.33MnO3 thin film that was epitaxially grown on SrTiO3 substrates by pulsed laser deposition; and fabricated for bottom electrode using conventional wet-etch optical lithography.
Another is the Ni80Fe20 bottom electrode that was grown by e-beam evaporation through a shadow mask on Si3N4 (400 nm)/Si substrates in a vacuum chamber devoted for metal deposition. The FM electrodes were subsequently transferred without breaking the vacuum into a second chamber devoted to OSEC deposition. The Alq3 (Aldrich) and Feq3 (synthesized by literature method [32] ) films were grown in situ by thermal evaporation. The fabricated structures were transferred back to the metal deposition chamber for e-beam evaporation of an Au top electrode (25 nm) in a crossbar configuration. Typical device area was ~ 200 × 500 μm.
For an ISHE-type device, an Al thin film electrode (150 nm) was firstly grown on a glass template (3×50 mm) by sputtering using conventional optical lithography. Subsequently two Cu contacts (30 nm thick) with a gap of 3 mm (extended from an Al bottom electrode) were grown by e-beam evaporation through a shadow mask, followed by a strip of Pt electrode (3.5 mm × 1 mm × 7 nm).
Without breaking the vacuum, the fabricated structures were transferred with another shadow mask to the organic deposition chamber for OSEC deposition. The OSEC deposition was similar to that used for the OSV-like device. Then ferromagnetic layer (Ni80Fe20, 15 nm), SiO2 (500 nm) dielectric layer and top Cu thin film (30 nm) were all grown in series on the OSEC layer by ebeam evaporation through a shadow mask on the OSEC materials.
Transport measurements performed using a Quantum Design Physical Property Measurement System (PPMS-9) combined with a Keithley 2400 source meter. The magnetic field, B, was applied parallel to the device substrate. The MR is defined as: MR(B) = (R(B) -R(0))/R(0), where R(0) is the junction resistance at B = 0, and R(B) is the resistance measured at field B using the four-points method. The magnetization measurements for the susceptibility and devices were performed using the Quantum Design MPMS-5 5 T superconducting quantum interference device (SQUID) magnetometer. The p-ISHE measurements were carried out at room temperature in a Bruker ElexSys E580 X-band (~9.7 GHz) pulsed EPR spectrometer equipped with a dielectric resonator (Bruker FlexLine ER 4118 X-MD5). The MW pulse duration time was set to 2 μs at a repetition rate of 500 Hz. The maximum pulsed MW power was ~1 kW resulting in an excitation field amplitude B1=1.1 mT at the sample location. The p-ISHE(B) response measurements and time dynamics required averaging over 10240 shots. First-principles calculations were carried out using local spin density approximation (LSDA) with onsite Coulomb interactions and projector augmented-wave method in Vienna ab-initio simulation package (VASP) based on density functional theory, in which an additional on-site Hubbard-U term is included on the iron(III) (U=6.0 eV, J=0.9 eV).
III. RESULTS AND DISCUSSION

A. Magnetoresistance measurements
Typical MR(B) responses of various OSV-like devices are presented in Figs. 2a-2d. We note that the NiFe-based OSV-like device (Fig. 2a ) was cooled to 5 K in a magnetic field of +300 mT. A jump of ~0.2% is observed in the MR(B) response when the NiFe magnetization switches at the FM coercive field, BC1  3 mT. This is confirmed by the anisotropic MR(B) response of the NiFe electrode in a OSV-like device (S. I. Fig. S4 ). The maximum MR(B) value, MRmax, obtained in this OSV-like device is comparable to NiFe-based conventional OSV devices [15, 16] . We found, surprisingly that the MR(B) response switches back to the low resistance state at B=BC2 ~25 mT, showing a similar response to MR(B) observed in conventional OSV, although only one FM electrode is used in the device configuration here. This indicates that an unusual magnetic ordering occurs in the Feq3 layer when it is placed in the OSV-like device configuration, which is induced by the external field in combination with the bottom FM metallic electrode. As a control experiment, upon replacing the bottom NiFe electrode by an Au electrode to form an Au/Feq3/Au diode, no MR response was obtained (S. I. Fig. S5 ). Thus, any explanation for the MR(B) response in the OSV-like device based on an intrinsic MR effect, such as organic MR (OMAR) [34] in the Feq3 layer, may be excluded. Other explanations such as B mechanism [35] can be also ruled out because of the absence of fringe field from the NiFe electrode, which exhibits uniform in-plane magnetization (confirmed by SQUID measurement below in Fig. 3a ).
When we replaced the bottom NiFe electrode in the OSV-like device by the half-metal FM (see S.
I. Fig. S6 for I-V characteristics), LSMO that has ~100% spin aligned carrier injection capability [36] , then MRmax is enhanced by an order of magnitude to ~2.7% (Fig. 2b) , and the switching field, BC2 increases to 50 mT. We note that in order to obtain the MR response in the LSMO-based OSVlike device, the non-hysteresis linear MR(B) response that originates from the LSMO electrode [37] was subtracted from the measured MR(B) (S. I. Fig. S7 ). The larger MRmax observed for the LSMO-based OSV-like device indicates that spin aligned carrier injection indeed occurs into the OSEC interlayer, consistent with the different abilities of NiFe and LSMO FM electrodes to inject spin aligned carriers into an OSEC (40% and higher MR have been reported when using LSMObased conventional OSV [4] [5] [6] [7] [8] [9] [10] [11] [12] , whereas 0.1 to 0.3% MR have been reached when using NiFebased OSV [15, 16] ). As a comparison, the MR(B) response of a LSMO/Feq3(50 nm)/Au device, where the Feq3 layer is in direct contact with the LSMO electrode was also measured. This device shows an even larger MRmax~5.4%, with similar MR(B) response and BC2 value as that of the LSMO-based OSV-like device (Fig. 2c) . The obtained MRmax of LSMO-based 'OSV-like' devices based on different Alq3 interlayer thickness, d is summarized in Fig. 2d ; MRmax decreases monotonically with d. Importantly, the Feq3 switching field BC2 also monotonically decreases with d (S. I. Fig. S8 ). The changes of BC2 with d provides strong evidence that the observed MR(B) response does not originate from 'tunneling anisotropy magnetoresistance' (TAMR) [38] , in which the switching field is determined by the anisotropy magnetization of the bottom FM electrode, and
We also measured the MR(B) response in both NiFe and LSMO-based OSV-like devices at different temperatures, T. MRmax vs. T for these three devices is summarized in Fig. 2e (see also observations either, since it occurs at very low temperature (below 1 K) [39] . Note, however that MRmax(d) in LSMO/Feq3 based devices decreases slightly faster than that in LSMO/Alq3/Feq3 based devices. This indicates that the LSMO/Alq3 interface provides an additional spin filtering effect for the spin injection [9] [10] [11] .
Taking together the various MR(B) and MRmax responses vs. thickness, temperature and voltage (S. I. Fig. S10 ), we thus infer that the OSV-like devices based on Feq3 layer instead of a second FM behave very similar to conventional OSV devices that contain two FM electrodes. Therefore we conclude that the OSV-like device may be considered as a simplified version of OSV, which is based on a single FM electrode [40, 41] .
Remarkably, the spin filtering effect from the Feq3 layer exhibits a "spin memory" behavior that leads to a polarity change in the MR(B) response in the OSV-like devices, which depends on the magnetic field cooling history (Fig. 2f) . When the NiFe/Alq3/Feq3/Au device is cooled to cryogenic temperatures subjected to a 'positive' B=+300 mT, then the device shows a transition from a "low resistance state" to a "high resistance state" that occurs at the NiFe BC; this is a positive MR response (Fig. 2f, upper panel) . In contrast, when the same device is cooled under the influence of a 'negative' B= -1 T, the device shows a reverse MR(B) polarity of a 'negative' MR response (Fig. 2f, lower panel) . The MR polarity reversal was also observed in NiFe/Feq3/Au devices, but is not clear in the LSMO-based OSV-like devices (S. I. Fig. S11 ).
B. Magnetization measurements
To elucidate the apparent FM-like behavior of the paramagnetic Feq3 layer, magnetization measurements (namely M(B)) were performed on all fabricated OSV-like devices. At variance with the previously reported FM ordering in metalloporphyrins and metallophthalocyanines monolayer detected by delicate surface science techniques [23] [24] [25] , a substantial FM ordering of the Feq3 layer in the OSV-like device configuration was observed using conventional magnetometry 'SQUID' measurements (Fig. 3) . First we checked that the M(B) response of a pristine NiFe film (Fig. 3a) shows an abrupt hysteretic response at B < 2 mT, consistent with its coercive field, BC1. Next we checked the magnetization response of Feq3 based structures.
Compared to the linear paramagnetic response of pristine Feq3 film having S=5/2 in the ground state (Fig. 1b) , the M(B) loops of NiFe/Feq3, NiFe/Alq3/Feq3 and LSMO/Alq3/Feq3 'OSV-like film structures' clearly show a second hysteretic transition at a higher field (Figs. 3b to 3d ). This is distinct from the abrupt transition of the NiFe (or LSMO) electrode seen at low field. In addition, the narrow hysteresis response of the NiFe electrode at ~BC1 is broader in the 'OSV-like film structures' than that of the pristine NiFe film. This magnetic 'hardening' originates from the OSEC overlayer, and is consistent with the enhanced exchange interaction found previously for π-conjugated molecules deposited on FM surfaces due to the proximity of the molecules to the FM atoms [42] . [43, 44] , which results from an AFM coupling [23] at the interface between the Feq3 and NiFe layers. We note that π-conjugated nonmagnetic organic molecules deposited on FM metallic film show only a symmetric M(B) response [4, 12, 42] . Re-orientated easy axis on the surface of NiFe/Feq3 layer from in-plane to out-of-plane can be ruled out because the total magnetization along the in-plane direction is unchanged in opposite field cooling. Surprisingly, the AFM coupling between the FM and Feq3 layers still occurs, although much weaker, in the NiFe/Alq3/Feq3 'OSV-like structure' even when the Feq3 layer and NiFe film are separated by ~15 nm thick layer of the diamagnetic Alq3 (Fig. 3f ). This implies that the AFM interaction between the FM substrate and Feq3 layer may be mediated by the Alq3 layer via the hydroxyquinoline ligands [23] . In any case, the SQUID magnetometry measurements unambiguously reveal that the paramagnetic Feq3 layer in the proximity of the FM substrate is magnetically ordered, consistent with the observed MR(B)-type response of the OSV-like devices.
The resulting magnetic switching of the remnant field in the Feq3 layer occurs at BC2>>BC1, and this generates the OSV-like MR(B) response in the OSV-like devices.
C. Inverse Spin-Hall effect measurements
A formidable known barrier for electrical 'spin injection' is the conductivity mismatch between FM and OSEC materials [19] . In contrast, the spin current generated via microwave-induced magnonic 'spin-pumping' overcomes the conductivity mismatch [14, 45] , and offers a perfect alternative to the 'spin injection' approach for the FM/OSEC interface. Furthermore, the inverse spin Hall effect (ISHE) measurement technique may provide a reliable detection scheme for the spin accumulation through the OSEC layers, without interference from many artifacts known to exist in the electrical spin-injection method (such as TAMR, TMR, AMR, etc.). is reversed (black line in Fig. 4c ). The decrease in p-ISHE response cannot be simply attributed to loss of spin current in the Feq3 layer (∝ exp(− ⁄ ), where  is the spin diffusion length), because the reduction in the ISHE by more than an order of magnitude is too large for a 7 nm Feq3 layer with ~d. Also, the p-ISHE polarity would remain unchanged, namely same as in the inset of Fig.   4b for NiFe/Pt structure, if the spin current would be directly generated from the NiFe layer into the Pt layer via pinholes. We thus conclude that the observed p-ISHE response in the NiFe/Feq3/Pt structure originates from the spin current that is pumped into the Pt layer from the Feq3 layer itself;
we note that spin-pumping from a paramagnetic layer was recently demonstrated [49] .
Due to the AFM exchange interaction between NiFe and Feq3 layers inferred from our MR(B) measurement and the SQUID measurements, the induced Feq3 magnetization, m is opposite to M.
Consequently m in the Feq3 layer precesses under the influence of the dynamic magnetization M(t)
in the NiFe layer, in the opposite direction, thereby generating magnons with opposite spin S respect to those in the NiFe layer. The generated magnons, in turn produce spin current at the Feq3/Pt interface having opposite spin direction to that produced without the Feq3 layer, and therefore in the Pt layer reverses polarity (see right panel in Fig. 4a ). We note, in passing that the electron paramagnetic resonance for the paramagnetic Feq3 molecules measured at the MW frequency that we use here (~9.7 GHz) is ~300 mT (g≈2), which is far away from the obtained FMR in the NiFe layer. We also measured the p-ISHE responses in a trilayers with smaller Feq3 thickness (~5 nm) (FIG. S14) . The p-ISHE polarity in this device is still reversed as compared to the NiFe/Pt device. In addition the p-ISHE response is indeed larger (~93 µV) due to the enhanced exchange coupling at smaller Feq3 thickness. When a 15 nm thick Alq3 layer (same thickness as in the OSV-like device) is inserted in between the NiFe and Feq3 layers (Fig. 4d) , the reversed pISHE response in the Pt layer decreases by about half in NiFe/Alq3/Feq3/Pt device, but still can be observed. This further confirms that the observed p-ISHE response in the Pt layer is directly related to the Feq3 layer rather than the diffused spin current that passes through the Alq3 layer
[15]. We therefore conclude that the ISHE method provides direct evidence for a robust AFM exchange interaction between the NiFe and Feq3 layer, which is consistent with our observations of MR(B) and SQUID measurements in the OSV-like device.
D. DFT calculations for the interaction between the FM substrate and Feq 3 film
We carried out density functional theory (DFT) electronic-structure calculations for the Feq3 molecules in intimate contact with a FM substrate. To deduce the magnetic ordering strength within the Feq3 layer in proximity to the FM substrate, we extract the exchange coupling constant ( ) among the Feq3 molecules by fitting the Heisenberg spin lattice model to the DFT-calculated energy difference between FM and AFM states (see S.I. section 11). For a free-standing Feq3 molecular monolayer (Fig. 5a ), the energy difference, Δ between AFM and FM spin configuration is very small (Δ = − < 0.1 meV, the energy convergence criteria is set at 0.1 meV), which translates to a negligible (~ 0.002 meV) ; this indicates a paramagnetic free-standing Feq3 layer (S. I. Fig. S15 ). However, when the Feq3 layer is deposited onto the FM NiFe substrate that forms interface layer ( 
III. SUMMARY
Our discovery of the versatile spin filter functionality of Feq3 thin films and its ability to form an OSV-like device is an important advance for organic spintronics applications. We demonstrate two spin-current based detection themes for studying the emergent magnetic response in molecules The DOS of the Feq3 layer exhibits a clear asymmetry between the majority and minority spins (S. I. Fig. S18 ) that shows the origin of its spin-filtering capability. In addition, the energy difference, Δ between FM and AFM coupling among neighboring molecules is very small when the Feq3 is unpolarized, consistent with their paramagnetic response (S. I. Fig. S15 ). 
FIG. S18. Spin-resolved, partial DOS of pristine
